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We report plasmon resonant excitation of hot electrons in a metal based photocatalyst in the oxygen evolution half reaction in aqueous solution. Here, the photocatalyst consists of a 100-nm thick Au film deposited on a corrugated silicon substrate. In this configuration, hot electrons photoexcited in the metal are injected into the solution, ultimately reversing the water oxidation reaction (O 2 þ 4H þ þ 4e À 2H 2 O) and producing a photocurrent. In order to amplify this process, the gold electrode is patterned into a plasmon resonant grating structure with a pitch of 500 nm. The photocurrent (i.e., charge transfer rate) is measured as a function of incident angle using 633 nm wavelength light. We observe peaks in the photocurrent at incident angles of 69 from normal when the light is polarized parallel to the incident plane (p-polarization) and perpendicular to the lines on the grating. Based on these peaks, we estimate an overall plasmonic gain (or amplification) factor of 2.1Â in the charge transfer rate. At these same angles, we also observe sharp dips in the photoreflectance, corresponding to the condition when there is wavevector matching between the incident light and the plasmon mode in the grating. No angle dependence is observed in the photocurrent or photoreflectance when the incident light is polarized perpendicular to the incident plane (s-polarization) and parallel to the lines on the grating. Finite difference time domain simulations also predict sharp dips in the photoreflectance at 69
, and the electric field intensity profiles show clear excitation of a plasmon-resonant mode when illuminated at those angles with p-polarized light. Published by AIP Publishing. https://doi.org/10.1063/1.5048582
Plasmon-enhanced photocatalytic water splitting was first reported in 2011 and was attributed to the enhanced local electrical field produced by the plasmon resonance phenomenon, which increases the light absorption in a semiconductor material TiO 2 with the existence of sub-bandgap states (i.e., defect states).
1-3 More recently, however, more attention has been drawn to a completely different mechanism, involving hot electron injection (HEI), which further exploits plasmon enhancement in photocatalytic reactions. Here, the basic concept is that hot electrons can be generated through the decay of plasmons, and these high energy electrons can then directly participate in and facilitate desired chemical reactions, acting as a novel photocatalyst. Using hot electrons in metals to drive photocatalytic processes was first put forth by Mukherjee, who reported photodissociation of H 2 on Au nanoparticles deposited on SiO 2 and TiO 2 supports. 4, 5 The dissociation of H 2 and D 2 using plasmons was probed by post-reaction detection of HD formation. Their work provides key insights into HEI but more extended studies are needed in order to apply the concept of HEI to a broader set of applications and reaction systems. Both the Brongersma and Halas groups have reported hot electron processes in solid state devices enhanced by plasmonic grating structures. 6, 7 While their works present further evidence of HEI in metal/oxide/metal structures, adopting this general idea to photocatalysis requires further development and experimentations. DuChene reported the use of hot electrons in a plasmonic-metal/semiconductor heterostructure for photocatalytic water splitting. 8 In their work, TiO 2 nanowire arrays were used in combination with Au nanoparticles to enhance anodic photocurrents via HEI under periodic visible-light irradiation. In the work of Robatjazi, plasmon resonant nanoparticles were deposited on the top of NiO x semiconducting films, and the resulting photocurrent generated was attributed to HEI to ions in the solution. 9 However, in these previous sample configurations, in which semiconductor materials surrounded the plasmonic structures, it was difficult to isolate the role of HEI in the photocatalytic enhancement and separate the enhanced photoresponse from enhanced local fields. In a more direct observation, Hou measured photocatalytic water splitting on a bare Au film without any semiconducting material present. 10 Here, an AC lock-in technique was used to detect the relatively small photocurrents produced by the short-lived hot electrons in the a)
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Published by AIP Publishing. 113, 113104-1 bulk metal film ($10 fs). The photocurrents from these bulk metal photoanodes were attributed to photo-generated hot electrons in the Au film. In addition, there have been several recent theoretical studies concluding that plasmon resonant excitations decay into hot electrons in metal nanostructures, [11] [12] [13] [14] [15] [16] which opens up the exciting possibility of amplifying the relatively small photocurrents (i.e., charge transfer rates and efficiencies) using plasmon resonant nanostructures. [17] [18] [19] [20] [21] [22] [23] [24] In this work, we utilize plasmonic grating structures as a platform to study and isolate the effect of plasmon resonant excitations on hot electron-driven photocatalysis. These plasmonic nanostructures consist only of Au, thus, ruling out any complications associated with semiconductor materials and/ or sub-bandgap absorption. Here, we study the effect of hot electrons on the canonical photoelectrochemical reaction system of water splitting. Experimentally, these gratings enable us to easily tune between resonant and non-resonant excitation by switching the polarization of the incident light between p-polarization and s-polarization without changing any other variables (e.g., wavelength, intensity, or material composition). Using this approach, we can distinguish the photoresponse associated with plasmon resonant excitations and bulk metal absorption. The resonance conditions for the plasmon mode can be verified by sweeping the incident angle of p-polarized light and comparing the angle dependence of photoreflectance and photocurrent. Further details regarding the nature of the plasmon resonance are obtained from electromagnetic simulations based on these grating nanostructures using the finite difference time domain method (FDTD, Lumerical).
Metal gratings used in this work consist of a 100 nm gold film with a 10 nm Ti adhesion layer deposited on the top of a corrugated Si wafer with a pitch of 500 nm and a grating area of 1 Â 1 cm 2 . These grating structures were fabricated using the same method as reported by Rice. 25 Figure 1(a) shows the cross-sectional image of the grating obtained by using scanning electron microscopy (SEM). Figure 1(b) shows an illustration of the sample geometry, where electrical connection was made directly to the top Au surface, thus keeping the bottom Si substrate out of the circuit in all the electrochemical measurements. Copper wires with an insulating coating and silver paint (SPI Supplies, Inc.) were used to electrical contact, and 5-min epoxy was used to encapsulate the sample. The sample was mounted on a rotational stage and illuminated with collimated light, as shown in Fig. 2(a) . Figure 2(b) shows the photoelectrochemical measurement setup with a three-terminal configuration. The grating sample was measured as the working electrode, and a Ag/AgCl electrode and a Pt wire (BASi, Corp.) were used as the reference and counter electrodes, respectively. The measurements were conducted in a 0.5 M Na 2 SO 4 (Anhydrous ACS, VWR) solution, and the potential of the working electrode was varied using a Gamry potentiostat (Gamry, Inc.). To detect small photocurrents around a few micro-amperes, we used an AC lock-in technique similar to those reported previously. 10, 26 Here, an optical chopper (SR540, Stanford Research Systems, Inc.) was used in combination with a lock-in amplifier (SRS830, Stanford Research Systems, Inc.). The optical chopper is used to modulate the incident laser (633 nm HeNe laser, maximum power 35 mW, and beam diameter 0.3 cm 2 ) at a frequency of 4-400 Hz. Any photoresponse produced in the working electrode will generate an AC component in the current output at the same frequency of the chopper, which can then be detected and measured by the lock-in amplifier.
The photoresponse of the plasmonic gratings plotted as a function of the incident angle is shown in Fig. 2(c) . When the incident light is s-polarized (i.e., parallel to the grating lines and perpendicular to the incident plane), an angleindependent photocurrent is observed. The finite current observed under s-polarized light is possibly due to surface roughness. A clear angle-dependent photocurrent is observed under p-polarized light (perpendicular to the grating lines and parallel to the incident plane). Due to the symmetry of our grating structures, two symmetric maxima in the photocurrent under p-polarization can be seen at 69 from normal incidence. By comparing the photocurrent at 69
for the two polarizations, we estimate an amplification factor of 210% for hot electron generation in the metal grating by exploiting the plasmon resonance conditions. Here, we estimate the "noise" in our data to be approximately 10 nA. The maximum signal observed on resonance is 350 nA, which corresponds to an error in the enhancement factor of 210% 6 3%. We estimate the quantum efficiency, here, to be on the order of 0.007% electrons per incident photon under resonant conditions. The primary focus of this work is to demonstrate the existence of hot electrons in our plasmonic grating system and to study HEI as a catalytic mechanism in photoelectrochemical water splitting without the interference of semiconductor materials. In the proof-of-principle work reported here, we have only explored a fixed wavelength (633 nm) with a pre-designed grating structure. As such, the overall efficiency of the system is likely to be far from optimum. Further optimization of the system and improvement of the overall efficiency of water splitting will be explored in our future studies. Typically, grating structures can couple up to 40% of the far field energy into the confined field of the propagating surface plasmon, depending strongly also on the wavelength and groove density. 27 We anticipate that this represents a hard upper limit on potential performance of these grating-based photocatalytic devices. The photoreflectance of the grating after Au deposition was also measured in the same solution used for the photocurrent measurements. The dip at 69 from normal incidence is a clear signature of wavevector matching between the incident light and the plasmon resonant mode of the grating. Figure 2(e) shows the DC and AC currents plotted as a function of reference potential, which exhibits a clear onset of the AC photocurrent around 1.5 V and a maximum around 1.88 V versus the reference electrode (Ag/AgCl). Here, it is important to note that the DC bias supplied by the potentiostat is driving a water oxidation reaction (i.e., 2H 2 
, which is observed in the form of a DC current. In this DC bias range, the photoexcited hot electrons near the top surface of the Au electrode can be injected into the solution and reduce the products and intermediates generated in the oxidation reaction, resulting in a reverse reaction and corresponding photocurrent [I AC is represented as the red line in Fig. 2(e) ]. Here, I AC is directly related to the rate at which hot electrons are consumed in the reverse reaction. At lower biases, the reaction rate is limited by the amount of products (and intermediates) that are supplied from DC water oxidation. As such, I AC begins small at low applied potentials and increases as the potential increases, which drives more water oxidation. At higher potentials (1.8 V), the Fermi energy of Au is lowered to a position well below the redox couple potential, thus shutting off the reaction and quenching the AC photocurrent, as shown in Fig. 1(c) .
To provide a more detailed picture of the plasmon resonance in these gratings, we performed electromagnetic simulations using the FDTD method. The grating structure used in these FDTD simulations (i.e., an infinite Si substrate with a 500 nm-pitch corrugated surface and 100 nm-thick Au) was imported from the cross-sectional SEM image (see Fig S2 for the cross-section profile plot), and all simulations were performed using a background refractive index of 1.3317 (for H 2 O at 633 nm). A mesh size of 0.1 nm and periodic boundaries for x and z directions and perfectly matched layer (PML) boundaries for the y direction were used for the simulated region. A plane wave source with different incident angles and polarization directions was used as the excitation source, and a plane power monitor in the y-plane was used to capture all the reflected light from the grating surface. Power monitors in the z-plane were placed to obtain the electrical field profiles for different irradiation conditions. The calculated reflectance for both polarizations is plotted in Fig. 3(a) . The simulated data for both polarizations reproduce the behavior observed in our experimental measurements with the p-polarized light producing sharp dips in the reflectance at 69 and s-polarization showing no angle dependence and nearly constant reflection. The electric field intensity distributions are plotted in Figs incidence, we can observe clear excitation of the plasmon resonance. The ratio of the electric field intensity of the brightest point on the metal surface is 21.3Â larger under p-polarized than under s-polarized illumination (i.e., jE p j 2 / jE s j 2 ¼ 21.3). However, in order to more accurately predict the enhancement factor observed experimentally, we must integrate over the metal surface. Based on these simulations, we can calculate the relative density of hot electrons by integrating the electric field intensity in the metal (jEj 2 Þ, which is proportional to the hot electron generation rate, under both s-and p-polarization conditions. In the z-dimension, we integrate from the top metal surface with respect to normal incidence.
Based on literature values of the mean free path of electrons with different energies above the Fermi level, we use 20 nm for electrons with 1.96 eV energy for our estimation here. 29 Performing this integral yields an average integrated enhancement of 15.9Â. While the results of our FDTD simulations agree well with our experimental data [see Figs. 2(b) and 3(a)], the experimental enhancement factor is considerably lower than these simulations. This discrepancy reflects the fact that losses occur as the hot electrons are transferred to the ions in the solution, which are not taken into account the electromagnetic simulations. The simulation results show that the maximum number of photons can be absorbed by tuning to plasmon resonance, indicating the theoretical limit of the enhancement factor in our system. As a final check, Fig. S1 of the supplementary material shows a comparison of the diffuse reflectance spectra of the plasmon resonant grating structure and a bare Au film. Here, we observe a sharp resonance centered around 630 nm for the grating structure while the spectrum of the bare Au film is featureless. This data further demonstrate that the phenomenon we are observing here is plasmonic in nature.
In conclusion, plasmon resonant excitation of hot electrons is observed in a metal based photocatalyst, which is used to drive the reverse reaction of water oxidation. In this configuration, hot electrons, photoexcited in the metal, inject into the aqueous solution and reverse the water oxidation half reaction (O 2 þ 4H þ þ 4e 2 H 2 O), thus producing a photocurrent. By utilizing a plasmonic grating structure under resonant conditions, we demonstrate amplification of this process. The photocurrent and hence the charge transfer rate are measured with respect to the angle of incidence with 633 nm wavelength light. Sharp peaks in the photocurrent are observed at incident angles of 69 when the light is polarized perpendicular to the grating (p-polarization). We also observe sharp dips in the photoreflectance with similar angle dependence, which correspond to the condition when there is good wavevector matching between the incident light and the plasmon mode in the grating. When illuminated with light polarized parallel to the grating (s-polarization), we observe no angle dependence in the photocurrent or photoreflectance. Based on these data, we estimate a plasmonic gain factor of 2.1Â in the charge transfer rate when irradiated under resonant conditions. Electromagnetic (FDTD) simulations corroborate the sharp dips observed in the photoreflectance at 69
and provide a detailed picture of the electric field intensity profiles, which show the excitation of a plasmon resonant mode, when illuminated under resonant conditions (i.e., 9 and p-polarization).
See supplementary material for diffuse reflectance spectra of Au grating, cross-section profile of grating, and photocurrent of an Au film on a glass slide.
